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(57) Abstract 

Apparatus and methods for determining temporal properties of photoluminescent samples using frequency-domain photoluminescence 
measurements, where the measurements may include photon counting and/or the separation of measured luminescence into potentially 
overlapping time bins. The apparatus may include a stage (123), a light source (100, 102), and a detector (144). The stage (123) may be 
configured to hold a microplate (124) having a plurality of sample wells (126). 
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FREQUENCY-DOMAIN 
LIGHT DETECTION DEVICE 

Cross-References 

This application claims priority from the following U.S. provisional 
patent application, which is hereby incorporated by reference: Serial No. 
60/121,229, filed February 23, 1999. 

This application incorporates by reference the following U.S. patent 
applications: Serial No. 09/062,472, filed April 17, 1998; Serial No. 
09/160,533, filed September 24, 1998; Serial No. 09/349,733, filed July 8, 
1999; Serial No. 09/468,440, filed December 21, 1999; Serial No. 09/478,819, 
filed January 5, 2000; and Serial No. 09/494,407, filed January 28, 2000. 
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PCT/US99/01656, filed January 25, 1999; Serial No. PCT/US99/03678, filed 
February 19, 1999; Serial No. PCT/US99/08410, filed April 16, 1999; Serial 
No. PCT/US99/16057, filed July 15, 1999; Serial No. PCT/US99/16453, filed 
July 21, 1999; Serial No. PCT/US99/16621, filed July 23, 1999; Serial No. 
PCT/US99/16286, filed July 26, 1999; Serial No. PCT/US99/ 16287, filed July 
26, 1999; Serial No. PCT/US99/24707, filed October 19, 1999; Serial No. 

PCT/US00/00895, filed January 14, 2000; and Serial No. , filed February 

1 1, 2000, entitled Luminescent Metal-Ligand Complexes, and naming Ewald A. 
Terpetschnig Dan-Hui Yang, and John C. Owicki as inventors. 

This application also incorporates by reference the following U:S. 
provisional patent applications: Serial No. 60/124,686, filed March 16, 1999; 
Serial No. 60/125,346, filed March 19, 1999; Serial No. 60/130,149, filed April 
20, 1999; Serial No. 60/132,262, filed May 3, 1999; Serial No. 60/132,263, 
filed May 3, 1999; Serial No. 60/135,284, filed May 21, 1999; Serial No. 
60/138,311, filed June 9, 1999; Serial No. 60/138,438, filed June 10, 1999; 
Serial No. 60/138,737, filed June 1 1, 1999; Serial No. 60/138,893, filed June 
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11, 1999; Serial No. 60/142,721, filed July 7, 1999; Serial No. 60/153,251, 
filed September 10, 1999; Serial No. 60/164,633, filed November 10, 1999; 
Serial No. 60/167,301, filed November 24, 1999; Serial No. 60/167,463, filed 
November 24, 1999; Serial No. 60/178,026, filed Januaiy 26, 2000; Serial No. 

5 9 filed February 11, 2000, entitled Cyclic Nucleotide Assays, and naming 

J. Richard Sportsman as inventor; and Serial No. , filed February 14, 

2000, entitled Apparatus and Methods for Improving Signal Resolution in 
Optical Spectroscopy, and naming John C. Owicki and Todd E. French as 
inventors. 

10 This application also incorporates by reference the following 

publications: Richard P. Haugland, Handbook of Fluorescent Probes and 
Research Chemicals (6 th ed. 1996); and Joseph R. Lakowicz, Principles of 
Fluorescence Spectroscopy (2 nd ed. 1999). 

Field of the Invention 

15 The invention relates to photoluminescence. More particularly, the 

invention relates to apparatus and methods for determining temporal properties 
of photoluminescent samples using frequency-domain photoluminescence 
measurements based on photon counting and/or the separation of measured 
luminescence into potentially overlapping time bins. 

20 Background of the Invention 

Luminescence is the emission of light from excited electronic states of 
luminescent atoms or molecules (i.e., "luminophores")* Luminescence 
generally refers to all emission of light, except incandescence, and may include 
photoluminescence, chemiluminescence, and electrochemiluminescence, 

25 among others. In photoluminescence, which includes fluorescence and 
phosphorescence, the excited electronic state is created by the absorption of 
electromagnetic radiation. In particular, the excited electronic state is created 
by the absorption of radiation having an energy sufficient to excite an electron 
from a low-energy ground state into a higher-energy excited state. The energy 
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associated with the excited state subsequently may be lost through one or more 
of several mechanisms, including production of a photon through fluorescence, 
phosphorescence, or other mechanisms. Here, the terms luminescence and 
photoluminescence are used interchangeably, except where noted, and a 
5 reference to luminescence or luminophore should be understood to imply a 
reference to photoluminescence and photoluminophore, respectively. 

Luminescence may be characterized by a number of parameters, 
including luminescence lifetime. The luminescence lifetime is the average time 
that a luminophore spends in the excited state prior to returning to the ground 
10 state. 

Luminescence may be used in assays to study the properties and 
environment of luminescent analytes. The analyte may be the focus of the 
assay, or the analyte may act as a reporter to provide information about another 
material or target substance that is the focus of the assay. Luminescence assays 

15 may be based on various aspects of the luminescence, including its intensity, 
polarization, and lifetime, among others. Luminescence assays also may be 
based on time-independent (steady-state) and/or time-dependent (time- 
resolved) properties of the luminescence. 

Time-resolved luminescence assays may be used to study the temporal 

20 properties of a sample. These temporal properties generally include any 
properties describing the time evolution of the sample or components of the 
sample. These properties include the time-dependent luminescence emission 
and time-dependent luminescence polarization (or, equivalently, anisotropy), 
among others. These properties also include coefficients for describing such 

25 properties, such as the luminescence lifetime and the rotational (or more 
generally the reorientational) correlation time. 

Time-resolved luminescence may be measured using "time-domain" or 
"frequency-domain" techniques, each of which involves monitoring the time 
course of luminescence emission. 
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In a time-domain measurement, the time course of luminescence is 
monitored directly. Typically, a sample containing a luminescent analyte is 
illuminated using a narrow pulse of light, and the time dependence of the 
intensity of the resulting luminescence emission is observed For a simple 

5 luminophore, the luminescence commonly follows a single-exponential decay, 
so that the luminescence lifetime can (in principle) be determined from the time 
required for the intensity to fall to 1/e of its initial value. 

In a frequency-domain measurement, the time course of luminescence is 
monitored indirectly, in frequency space. Typically, the sample is illuminated 

10 using intensity-modulated incident light, where the modulation may be 
characterized by a characteristic time, such as a period. Frequency-domain 
analysis may use almost any modulation profile. However, because virtually 
any modulation profile can be expressed as a sum of sinusoidal components 
using Fourier analysis, frequency-domain analysis may be understood by 

15 studying the relationship between excitation and emission for sinusoidal 
modulation. 

Figure 2 shows the relationship between excitation and emission in a 
frequency-domain experiment, where the excitation light is modulated 
sinusoidally at a single modulation frequency / The resulting luminescence 

20 emission is modulated at the same frequency as the excitation light. However, 
the intensity of the emission will lag the intensity of the excitation by a phase 
angle (phase) 4 and will be demodulated by a demodulation factor 
(modulation) M Specifically, the phase § is the phase difference between the 
excitation and emission, and the modulation M is the ratio of the AC amplitude 

25 to the DC offset for the emission, relative to the ratio of the AC amplitude to 
the DC offset for the excitation. The phase and modulation are related to the 
luminescence lifetime r by the following equations: 



cot = tan(<J>) 



(1) 
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Here, co is the angular modulation frequency, which equals 2% times the 
modulation frequency. Significantly, unlike in time-domain measurements, the 

5 measured quantities (phase and modulation) re directly related to the 
luminescence lifetime. For maximum sensitivity, the angular modulation 
frequency should be roughly the inverse of the luminescence lifetime. Typical 
luminescence lifetimes vary from less than about 1 nanosecond to greater than 
about 10 milliseconds. Therefore, instruments for measuring luminescence 

10 lifetimes should be able to cover modulation frequencies from less than about 
20 Hz to greater than about 200 MHz. 

A similar approach may be used to study other temporal properties of a 
luminescent sample, such as time-resolved luminescence polarization, which 
may be characterized by a rotational (or more generally a reorientational) 

15 correlation time. The use of standard frequency-domain techniques to study 
such properties is described in the above-identified patent applications and in 
Joseph R. Lakowicz, Principles of Fluorescence Spectroscopy (2 nd ed. 1999), 
each of which is incorporated herein by reference. 

Frequency-domain measurements typically are conducted at high 

20 frequencies, especially for short-lifetime luminophores. To simplify these 
measurements, the emission signal may be converted to a lower frequency, as 
follows. In radio-frequency (RF) signal detection, an input frequency may be 
converted (heterodyned) to a fixed intermediate frequency (IF) by mixing it 
with (i.e., multiplying it by) a signal from a local oscillator (LO) of appropriate 

25 frequency. Multiplying two frequencies creates an output containing the sum 
and difference frequencies. One of these outputs is selected as the IF signal by 
filtering. The IF signal contains the phase and amplitude information of the 
original RF signal but at a more convenient (i.e., usually lower) fixed 
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frequency. In frequency-domain heterodyne fluorometry, the RF emission 
signal is mixed with a second, coherent frequency, and the IF is the isolated 
difference frequency output Typically, a gain-modulated detector performs the 
mixing step. 

If the source and detector frequencies are the same in a heterodyning 
scheme, the method is called homodyning. Homodyning, by definition, results 
in a zero-frequency (DC) IF signal. The intensity is proportional to the cosine 
of the difference of the phase between the detector and the emission. To 
acquire the entire phase and modulation information of the emission signal, the 
phase difference may be stepped systematically between the source and 
detector modulation signals. Alternatively, the RF signal may be demodulated 
using two LO signals whose phases are 90 degrees apart The two resulting 
signals, the in-phase (I) and quadrature (Q) signals, are the Cartesian 
representations of the phase and modulation (cosine and sine components). 
15 Homodyning is commonly used to collect phase-resolved data with a 

single frequency reference and a fixed phase difference. By properly choosing 
the phase of the detector, one can suppress or enhance certain lifetimes. A 
disadvantage of homodyning relative to heterodyning is that homodyning is 
more affected by DC offsets in the mixing and detection electronics. 
20 The heterodyne frequency-domain method has two significant 

advantages over time-domain methods: (1) an enhanced excitation duty cycle, 
and (2) measurement of phase and modulation. 

An enhanced excitation duty cycle may be advantageous because it 
implies that a near maximal amount of luminescence is being excited from the 
25 sample. (The excitation duty cycle is the fraction of time that the system is 
illuminated.) If the illumination is a pure sine wave, the excitation duty cycle 
can be as large as 50%. However, if the illumination is a narrow pulse, as in 
multiharmonic phase and modulation fluorometry, the excitation duty cycle 
will be much lower, comparable to that for time-domain methods. 
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Measurement of phase and modulation may be advantageous because 
these quantities may be relatively unaffected by the DC luminescence intensity 
of the system, or by fluctuations in light source intensity, drift of electronic 
offsets, and errors in sample concentration. Conversely, intensity 
5 measurements, such as those used in time-domain methods, may be strongly 
affected by these factors, so that they must be corrected by normalization 
and/or calibration. 

Despite these advantages, the heterodyne frequency-domain method has 
two significant disadvantages, especially relative to time-domain methods: (1) 

10 a reduced detection duty cycle, and (2) a low sensitivity. 

A reduced detection duty cycle is a significant disadvantage because it 
reduces the amount of luminescence that is detected. (The detection duty cycle 
is the fraction of time that the detector can process light.) Typically, the 
detector is internally gated or gain modulated for the heterodyning step because 

15 the detector cannot respond externally to the high-frequency luminescence 
emission signal. If the luminescence is a pure sine wave, the detected signal 
optimally will be gated off 50% of the time, either by gating the signal or 

gating the detector. 

A low sensitivity is a significant disadvantage because it requires higher 
20 quantities of reagents and/or longer analysis times, if a sample may be analyzed 
at all. This low sensitivity reflects in part the cumulative effects of dark noise, 
which becomes an ever larger fraction of the signal as light levels are reduced. 

Summary »f the Invention 
The invention provides apparatus and methods for determining temporal 
25 properties of photoluminescent samples using frequency-domain 
photoluminescence measurements. These measurements may include photon 
counting and/or the separation of measured luminescence into potentially 
overlapping time bins 
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Brief Descr iption nf the Figures 
Figure 1 is a schematic view of a frequency-domain time-resolved 
measurement, showing the definitions of phase angle (phase) ^ and 
demodulation factor (modulation) M. 
5 Figure 2 is a schematic view of an apparatus for detecting light in 

accordance with the invention. 

Figure 3 is a schematic view of a four phase-bin counter system for use 

in the apparatus of Figure 2. 

Figure 4 is a circuit schematic of a count distributor for use in the 

10 apparatus of Figure 2. 

Figure 5 is a circuit schematic of a preamplifier from a photon 

discriminator for use in the apparatus of Figure 2. 

Figure 6 is a circuit schematic of a constant-level discriminator from a 
photon discriminator for use in the apparatus of Figure 2. 
15 Figure 7 is a circuit schematic of a constant-fraction discriminator from 

a photon discriminator for use in the apparatus of Figure 2. 

Figure 8 is a graph of the relative phases of signals associated with a 
photon discriminator for use in the apparatus of Figure 2. 

Figure 9 is a schematic view of a photoluminescence optical system for 

20 use in die apparatus of Figure 2. 

Figure 10 is a partially schematic perspective view of the system of 

Figure 9. 

Figure 11 is a schematic view of optical components from the system of 
Figure 9. 

25 Figure 12 is a partially exploded perspective view of a housing for use in 

the apparatus of Figure 2. 

Figure 13 is a schematic view of time-domain and frequency-domain 
measurements, showing how detector dead time affects lost photon pulses in 
the two techniques. 
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l^tailert Descrf r*'"" nf th * Invention 

The invention provides apparatus and methods for measuring a temporal 
property of a luminescent sample. The measurements may include (1) 
illuminating the sample with intensity-modulated incident light, (2) detecting 
5 luminescence emitted from the sample in response to the illumination, and (3) 
determining the temporal property using the measured luminescence. The 
measurements also may include photon counting and/or the separatum of 
measured luminescence into potentially overlapping time bins. The 
measurements also may include determination of frequency-domain parameters 
10 by counting locked-in photons (CLIP™). 

The measurements may involve repeated steps and/or additional steps. 
For example, the steps of illuminating the sample and detecting luminescence 
may be performed simultaneously. Moreover, these steps may be performed 
repeatedly on a single sample for signal averaging before performing the step 
15 of determining the temporal property, or they may be performed together with 
the step of determining the temporal property on a series of samples. 

Figure 2 is a schematic view of an apparatus 50 constructed in 
accordance with the invention. Apparatus 50 includes a light source 51, a 
sample channel 52, a frequency source 53, and an optional reference channel 
20 54 Light source 51 is configured to illuminate a sample 56 with intensity- 
modulated light Sample channel 52 is configured to detect and analyze light 
such as photoluminescence transmitted from the sample. Frequency source 53 
is configured to generate a frequency, which may be derived from or used to 
drive the light source, and which may be used to drive components of the 
25 sample and reference channels. Optional reference channel 54 is configured to 
detect light transmitted from the light source, so mat the output of the sample 
channel can be corrected to account for fluctuations and/or other irregularities 
in the output of the light source. 



WO 00/50877 



PCTAJSOO/04543 



10 



The sample channel may include a (sample) detector 58a, a 
discriminator 60a, a count distributor 62a, at least one parallel counter 64a, and 
an analyzer (or discrete analyzer) 65a. Detector 58a is configured to detect the 
light transmitted from sample 56 and to convert it to a signal. Discriminator 
5 60a is configured to convert the signal into pulses that correspond to individual 
detected photons. Count distributor 62a is configured to direct the pulses to a 
counter corresponding to the phase delay of the photon relative to the excitation 
signal, based on input from the frequency source. Each counter 64a is 
configured to tabulate the number of pulses directed to it by the count 
10 distributor. Analyzer 65 is configured to determine a temporal property of the 
sample, based on the detected luminescence. The temporal property may be 
compute discretely and/or computed in the frequency-domain, for example, by 
computing a Fourier transform. 

The optional reference channel also may include a detector 58b, a 
15 discriminator 60b, a count distributor 62b (interfaced with a frequency source), 
at least one parallel counter 64b, and an analyzer 65a. 

The light sources, detectors, and optical relay structures for transmitting 
light from the light source to the sample (or optional reference detector) and 
from the sample to the sample photodetector in apparatus 50 collectively 
20 comprise a photoluminescence optical system 66. These components are 
described in detail in a subsequent section entitled "Photoluminescence Optical 
System." Generally, light source 51 should produce light that is either intensity 
modulated or capable of being intensity modulated. Examples of suitable light 
sources include arc lamps, light-emitting diodes (LEDs), and laser diodes. 
25 Generally, detectors 58a,b should detect light and convert it to a signal that can 
be used to count the number of photons in the detected light. Examples of 
suitable detectors include photon-counting photomultiplier tubes and avalanche 
photodiodes. 
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The discriminator converts the output of the photodetector into an output 
representative of individual detected photons. Here, discriminators 60a,b 
convert analog pulses created by detectors 58a,b to digital pulses. The 
discriminator may be selected to create an output signal corresponding only to 

5 input signals having amplitudes or other characteristic parameters lying 
between preselected limits. For example, a lower limit may be set to distinguish 
individual photon signals from lower-amplitude dark noise. Similarly, an upper 
limit may be set to distinguish individual photon signals from higher-amplitude 
noise reflecting instrument anomalies and/or multiple-photon events. Of 

10 course, the lower limit may be set to zero and/or the upper limit set to infinity. 
The discriminator may be a separate component of the sample or reference 
channel or an integrated part of the detector or count distributor. 

The count distributor directs or distributes signals received from the 
discriminator to one or more counters according to the phase of the incoming 

15 signal. The count distributor is interfaced with the frequency source and is 
described in detail in a subsequent section entitled "Count Distribution 
Circuit." 

The counter or counters tabulate the number of photons that arrive 
within a "phase bin" corresponding to a particular portion of a period or range 

20 of phase delays, based on information input from the count distributor. The 
phase bins for different counters preferably cover different but overlapping 
ranges. A single counter may be used to perform heterodyning (or 
homodyning) operations using integrated photon pulses rather than analog 
charge, as long as the counter does not cover the entire excitation period. Two 

25 or more counters may be used to calculate phase and modulation (as described 
below) using the high-frequency signal. If two counters are used, some signal 
will be lost. However, if three or more counters are used, the entire signal may 
be collected. 
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Figure 3 shows a preferred implementation using four counters. Here, 
each counter captures photons for half a period, and each counter is delayed 
relative to the previous counter by 90 degrees. The associated phase bins are 
defined by counter enable signals within the count distributor. Specifically, a 
5 photon pulse will be counted by each counter that is enabled when the pulse 
arrives. In this example, counter 1 will record 6 pulses (a,b,d,e,f,g), counter 2 
will record 4 pulses (a,c,d\f), counter 3 will record 1 pulse (c), and counter 4 
will record 3 pulses (b,e,g). 

Overlapping bins are convenient electronically and may be used to 
10 validate system performance. For example, in Figure 3, each incoming photon 
will generate a count in two counters, so mat the sum of counts in phase bins 1 
and 3 should equal the sum of counts in phase bins 2 and 4. 

The number of counted photons may be used to compute a frequency- 
domain quantity, such as phase and/or modulation, by Fourier transforming the 
15 numbers into the frequency domain. The Fourier transform can be used to 
separate harmonics of the excitation signal, which usually are unwanted, if four 
or more counters are used. The Fourier transform can be performed using a fast 
Fourier transform (FFT) algorithm to accelerate analysis, if the number of 
counters is (or can be numerically "padded" to) an integer power of two. 
20 The Fourier transform of die embodiment in Figure 3 leads to especially 

simple results. For example, the in-phase component / of the Fourier transform 
is the difference between the number of photons counted in phase bins 1 and 3 
(equivalent to the Fourier cosine transform): 

25 1=0,-6, (3) 

Here, the number of counts in phase bins 1, 2, 3, and 4 is denoted ft, ft, ft, and 
0 M respectively. Similarly, the quadrature component Q of the Fourier 
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transform is the difference between the number of photons counted in phase 
bins 2 and 4 (equivalent to the Fourier sine transform): 

Q = 9 2 -9 4 (4) 

5 

The phase ^ is the arctangent of the ratio of the quadrature and in-phase 
components: 

'-—(?)-—(&) (5) 

10 

The AC amplitude AC is the square root of the sum of die squares of the in- 
phase and quadrature components: 



ac = JFTq^ = Vfo -ej +fo -ej (*) 

15 . 

The DC amplitude DC is the total number of photons, given by the sum of the 
number of photons counted in every phase bin: 

DC = 0 i +0 1 +0 2 +0 4 ( ? ) 

20 

The DC amplitude also is given by the sum of the number of photons counted 
in complementary phase bins, e.g., 1 and 3, or 2 and 4. Finally, the modulation 
Mis the ratio of the AC and DC amplitudes: 



„ M AC Vfo-Aj+fo-gJ (8) 

DC 0,+03+0 2 +0 4 
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The phase and modulation calculated using Equations 5 and 8 are 
apparent values, not die measured values appearing in Equations 1 and 2. 
However, the apparent phase and modulation may be "corrected" for 
instrumental factors giving rise to this difference to yield the measured values, 

5 for example, by measuring the apparent phase and modulation for a compound 
with known lifetime, calculating the correct phase and modulation, and 
deriving an instrument phase offset and instrument modulation factor. The 
measured phase will be the difference in the apparent phase and the instrument 
phase offset Similarly, the measured modulation will be the product of the 

10 apparent modulation and the instrument modulation factor. If the phase bins 
overlap, Equations 6-8 will include additional normalization constants (for 
example, overall multiplication factor of 1/2 for the DC equation). These 
deviations from the above equations will be corrected with the instrument 
calibration (modulation factor), so that the additional constants are not strictly 

15 required. 

The remainder of mis section is divided into six sections: (A) count 
distributor, (B) photon discriminator, (C) photoluminescence optical system, 
(D) housing, (E) applications to high-throughput screening, and (F) 
miscellaneous comments. Additional details of an apparatus suitable for 

20 implementing features of the invention are shown in U.S. Patent Application 
Serial No. 09/160,533, which is incorporated herein by reference. For example, 
the apparatus may be under computer or processor control to direct sample 
handling and/or data collection, among others. 
A. Count Distributor 

25 Figure 4 shows a count distribution circuit for use in the apparatus of 

Figure 2. Here, REFIN/REFINN is the differential signal from the 
discriminator (i.e., the photon pulse), PREF1-PREF4 are the counter enable 
signals for the four independent counters / phase bins, and CKREF 1-CKREF4 
are the differential outputs that go to the four counters. Generally, the count 
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distribution circuit directs photon pulses to one or more counters according to 
the phase of the incoming pulse. The maximum measurable flux rate and the 
phase resolution of the circuit are determined by its implementation. In the 
embodiment in Figure 4, maximum measurable flux rate is determined by the 
5 rate at which the circuit processes pulses, and phase resolution is determined by 
the jitter in the circuit's high-frequency electronics. These and other issues 
relating to the count distribution circuit are described below. 
1. Maximum average flux rate 

In the CLIP technique, individual photon pulses and the clock that 

10 determines phase are asynchronous. Statistically, the distribution of photons 
will follow the excitation profile, but individual photons will have no 
predictable correlation with the excitation. A problem in processing 
asynchronous signals such as these is metastability of the associated digital 
electronics. For example, if the two signals arrive at a component without 

15 obeying its setup and/or hold times, the component will not output a valid level 
within the specified propagation delay. To avoid this problem, the two signals 
can be synchronized using a synchronization circuit In this way, metastability 
issues may be handled by the synchronization circuit so that other circuit 
elements will not be affected by metastability (i.e., so that all setup and hold 

20 times will be obeyed). 

The synchronization circuit includes two cascaded flip-flops. The 
second flip-flop is wired to accept the output of the first flip-flop after a preset 
delay. This delay is long enough for the first flip-flop to settle to a valid state 
even when the setup or hold times are not met. The embodiment in Figure 4 

25 includes a 4 nanosecond metastable delay (wait time) so that the associated 
Motorola™ 100E151 flip-flop will have a mean time between failures of about 
130 years (according to the associated Motorola application note AN 1504). 
Generally, the rate of flip-flop failure increases exponentially with decreasing 
delay. For example, reducing the metastable delay from 4 nanoseconds to 3.8 
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nanoseconds will decrease the mean time between failures from about 130 
years to about 1 1 years. 

The metastability delay sets the pulse pair resolution (PPR) of the count 
distribution circuit In particular, while the synchronization circuit is active, no 
5 photons can be counted. Ultimately, the PPR limit will be the metastability 
delay plus a small amount of time to complete a full transition cycle. In the 
count distribution circuit in Figure 4, the PPR is limited to about 5 
nanoseconds. The preferred embodiment directs the photon pulses into the 
clock input of the synchronization flip-flop rather than to the data input. In this 

10 way, the circuit is able to count multiple photons in during a long on-cycle of a 
phase bin (high photon flux and low modulation frequency). The number of 
photons that can be collected during a single on-cycle of a phase bin is only 
limited by the dead time, and not by the modulation frequency. 
2. Phase resolution 

15 The phase resolution of typical phase and modulation fluorometers is 

about 0.1 degrees. Analog detection in these fluorometers normally does not 
permit measurements based on few photons, so that measurements normally 
are limited by the electronics. The CLIP technique, however, has a phase 
resolution that is limited primarily by the number of photons and secondarily 

20 by the electronic jitter of the phase bins. The number of phase bins does not 
limit the phase resolution; however, it does contribute to harmonic aliasing. 

When the number of photons is small, the statistical uncertainty in the 
number of counts measured in each phase bin will determine the uncertainty in 
the Fourier transformed quantities. For example, if the intensities each have an 

25 uncertainty of 0. 1% (10 6 photons collected), the phase uncertainty will be about 
0.2% (two times greater than the intensity) or 0.1 degrees (0.002 radians). If the 
target maximum average flux rate is 10 million counts per second and the 
target integration time is 100 milliseconds, the maximum expected number of 
photons measured for a single sample will be about 10 6 . Therefore, the limiting 
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phase resolution will be about 0.1 degrees for high-throughput applications. 
Higher phase resolutions are achievable by increasing the integration time. 

The phase resolution also will be limited by the electronic jitter of the 
phase bins - the uncertainty in the bin width. In the count distribution circuit in 
5 Figure 4, the expected timing error is about 10 picoseconds. This uncertainty is 
equivalent to about 1 degree at 300 MHz. At high frequencies, the electronic 
jitter is expected to be the dominant determinant of the phase resolution of the 
CLIP technique. 
B. Photon Discriminator 

10 Figures 5-8 show components of a photon discriminator for use in the 

apparatus of Figure 2. Generally, the discriminator converts the output of the 
photodetector into an output representative of individual detected photons. The 
performance of the discriminator may be characterized by phase error, dead 
time, and jitter, which are largely determined by implementa^on. This section 

15 describes a preferred discriminator, which may be termed a high-speed, wide- 
bandwidth, low-jitter, low-dead-time constant-fraction discriminator. 

Phase error is error in assigning a photon to a proper phase bin. To 
reduce phase error in the measurements, the timing of the pulses from the 
discriminator should accurately represent the time of arrival of the emitted 

20 photons at the photodetector, which (in this embodiment) is a photomultiplier 
tube (PMT). Two alternative characteristics that reduce phase error are low 
jitter (high temporal precision) and random timing error (which reduces error 
by integrating many photons). The simplest approach to timing the photons 
would be to signal the time when the output amplitude of the photodetector 

25 passes a certain threshold (i.e., constant-threshold detection). However, due to 
variations in the electronic gain of the detector with the wavelength of the 
photon and the arrival position of the photon on the photoactive area (e.g., the 
photocathode) of the detector, among other factors, the height of the electrical 
pulses from the PMT can vary by more than a factor of 5. The peak of the 
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single photon pulse is the most accurate measure of the arrival time of the 
photon. However, timing the photon pulses with a constant-threshold 
discriminator will lead to timing jitter just due to the variability in pulse height 
A preferred mechanism for maintaining a fixed relationship between the trigger 
point and the time-of-arrival of the photon that caused the pulse is to use a 
constant-fraction discriminator. This device measures the arrival time of a 
photon pulse at a constant fraction of the pulse height. 

Dead time is the time after receiving a first photon pulse during which 
the discriminator is unable to receive a second photon pulse. To reduce dead 
time, the discriminator should recover from a pulse and be ready for a 
subsequent pulse as quickly as practical. If successive pulses are not to overlap, 
the pulses should be veiy short, which means in turn that the PMT and circuit 
should be veiy fast (or, equivalently, have fast rise and fall times). 

Jitter is instability of a signal, in terms of phase, amplitude, or both. To 
reduce jitter, signals should have low electrical noise and high edge rates, since 
the root-mean-squared (rms) jitter = (rms noise)/(edge slope), where the edge 
slope is dv/dt. High edge rates again imply fast circuits. 

The discriminator preferably should be able to handle both high and low 
frequency inputs. Because detected emission light may be modulated at 
frequencies of up to or over about 250 MHz, and because die pulse width from 
the PMT can be as low as 1.6 nanoseconds, the circuit frequency response 
should extend up to approximately 1 GHz. Moreover, because the incoming 
photons may arrive at fewer than 1000 photons/second, the low frequency 
response should extend down to below about 100 Hz to keep the signal decay 
of one pulse from overlapping with and changing the trigger location of a 
following pulse. In the chosen implementation, the constant-fraction 
discriminator is preceded by a constant-level discriminator, which is sensitive 
to DC shifts. Additionally, if the circuit has response down to DC, it is possible 
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to determine overload conditions (excessive pulse rate) much more easily. It 
was therefore decided to extend the low frequency response down to DC. 

Figure 5 shows a preamplifier circuit for use in the discriminator. Here, 
microwave gain blocks (U201, U202) are used to achieve high bandwidth. 
These gain blocks have a low-frequency cutoff determined by the chosen 
blocking capacitors. To provide response down to DC, a second circuit path is 
provided, and the signal is split between the two paths at the input and 
recombined at the output. To split and recombine the signal while maintaining 
the pulse shapes, both amplitude and phase response should be uniform across 
the split Several features of the circuit maintain this uniformity: 

a. The splitter should be first-order so that there are no phase anomalies 
when the signals are recombined. 

b. A split frequency of approximately 10 kHz was chosen. This is low 
enough that the additional phase shift in the op-amps in die low 
frequency path (due to finite gain-bandwidth) is small 

c. The interstage and output capacitors in the high-frequency path (C220 
and C221) are 20 times the value of the capacitor in the splitter (C219), 
so that they contribute small amounts of additional phase shift. 

d A gyrator composed of R223, C233, R228, R230, R231, U206 and 
U207 simulates a 0.6 mH inductor. A real inductor could have multiple 
self-resonances that would cause serious phase and amplitude 
disturbances. This simulated inductor combined with R220, C219, 
C222, and the 50-ohm input impedance of U201 form a first order 
splitter. 

e. The low-frequency path does not receive input from the splitter (because 
the simulated inductor should be grounded), but rather has a high 
impedance input (through R222) and a single pole roll-off using C231 
and R227. 
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f. The combining is done after the blocking capacitor of the last gain 
block, at the input to the next stage Q'unction of C221, R218, and R215). 
Since the voltage divider is formed by R2 18 the output impedance of 
U202, and the input impedance of the following stage (50 ohms) 
includes C221, the voltage divider ratio is approximately 40:1 at higher 
frequencies and 20:1 at lower frequencies (where C221 acts like an open 
circuit). The network of R226, R229, and C234 compensates for this 
effect. 

g. The gain in both paths is matched. The overall gain is approximately 
100. 

Figure 6 shows a constant-level discriminator for use in the 
discriminator. This circuit provides the timing signals for the constant-fraction 
discriminator (shown in Figure 7) and eliminates pulses whose amplitude is too 
high. The basic signal flow is: 

a. The pre-amplified pulses (nominal amplitude 500 mV) come in at IN A 
on a 50-ohm transmission line. They pass by the (-) input of comparator 
U301A, continue on past the (-) input of comparator U301B, and then 
exit to Figure 7 at OUT B. 

b. When a pulse exceeds the threshold set by R310, U301B sends a 
differential pulse whose length depends on the pulse amplitude to the 
clock input of U304. U304 is configured to then create an output pulse 
whose length is determined by the sum of its gate delay and the length 
of line CD5. This creates a nominal 1.6 nanosecond pulse, which is sent 
toU303. 

c. When a pulse exceeds the threshold set by R303, U301A sends a 
differential pulse whose length depends on the pulse amplitude to the 
clock input of U302. U302 is configured to then create an output pulse 
whose length is determined by the sum of its gate delay and the length 
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of line AC5. This creates a nominal 2.5 nanosecond pulse, which is sent 
to U303. The threshold set by R303 is set higher than R310, so that 
U301A only triggers on "double" pulses (when two pulses have landed 
on top of each other), which are undesirable because they cannot be 
accurately timed. 

<L Because U301A is triggered before U301B (since the input signal 
arrives at it 675 picoseconds sooner), and it is longer, if it is triggered, it 
will produce a pulse that will completely overlap the pulse from U301A. 
The inputs of U303 are arranged so that if this happens, no pulse will be 
output from U303, thus eliminating "double height" pulses. 

e. Finally, OUT_C and OUT_D form a differential pulse signal of 
approximately 1.6 nanosecond length, and with a fixed delay from the 
preamplified PMT output. 

Figure 7 shows a constant-fraction discriminator (CFD) for use in die 
discriminator. The output signals from the constant-level discriminator are used 
as gating pulses to the actual constant-fraction discriminator (CFD), 
determining a window when it is "armed." There are several interesting 
features of the CFD design: 

a. Both signals go through selectable delays (U401 and U402) for fine- 
tuning of the exact delay relative to the analog signal (OUT_B), as well 
as the differential delay between C_DLY and D_DLY. In addition, 
D_DLY is inverted. 

b. D_DLY is used to enable the constant-fraction discriminator, U404A. 

c. The negative-going analog signal (now called IN_B) is split through two 
different delays, individually attenuated, and buffered by Q401A and 
Q401B. The difference between these buffered signals is taken by the 
first stage of the comparator U404A. Because of the relative amplitude 
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and delay, as shown in Figure 8, an S-curve results, with the zero- 
crossing at a constant fraction of the input signal. 

The comparator trips at the zero-crossing, so this circuit can form a CFD 
5 if the comparator is enabled and disabled at the correct times, and the signal 
state is guaranteed at these times. In other words, die following sequence 
should occur: 

1 . The output of the comparator starts low. 
10 2. The negative input of the comparator is above the positive input. 

3. The comparator is enabled (no change of state will occur). 

4. The positive input of the comparator rises above the negative input As 
mentioned in c. above, this is the zero-crossing we seek to detect This 
will cause the comparator output to go high. 

15 5. The positive input of the comparator drops below the negative input, 
causing the comparator output to go low. 
6. The comparator is disabled, and we are prepared for step one again. 

Conditions 2 and 3 are assured by adjusting the timing such that the D_DLY 
20 signal enables the comparator during the initial, negative portion of the S- 
curve. Condition 4 comes directly from the S-curve. Condition 5 is met by 
U403 and C401 and 402, which create edges that are timed to drive the 
comparator inputs in the desired direction. Small capacitors are used to couple 
the signals in for two reasons: (1) to eliminate any DC effects that could shift 
25 the threshold, and (2) to make sure any DC effects die away quickly enough 
that they do not affect the next pulse to be counted. Condition 6 is assured by 
correct adjustment of the timing of the U403-C401-C402 edges and the trailing 
edge of the D_DLY signal. The gate delays and transmission line lengths are 
comparable to the desired delays and pulse widths, so they should be taken into 
30 account in design. 
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C. Photoluminescence Optical System 

Figures 9-11 show a photoluminescence optical system 90 for use in the 
apparatus of Figure 2. This system may be used to illuminate a sample. This 
system also may be used to detect light transmitted from a sample before, 
5 during, and/or after illumination, and to convert the detected light to a signal 
that can be analyzed by a sample channel. This system also may be used to 
detect light output from a light source and to convert the detected light to a 
signal that can be analyzed by an optional reference channel. 

The photoluminescence optical system may include a variety of 

10 components, some or all of which may be used in any given assay. These 
components may include (1) a stage for supporting a sample, (2) one or more 
light sources for delivering light to the sample, (3) one or more detectors for 
receiving light transmitted from the sample and converting it to a signal, and 
(4) optical relay structures for relaying light between the light source, 

15 composition, and detector. These components may be chosen to optimize 
sensitivity and dynamic range, for example, by choosing components with low 
intrinsic luminescence. These components may be operatively connected to 
components of the sample and/or reference channels. 

The photoluminescence optical system may be used to conduct a variety 

20 of steady-state and time-resolved luminescence assays. Steady-state assays 
measure luminescence under constant illumination, using the continuous light 
source. Time-resolved polarization assays measure luminescence as a function 
of time under time-vaiying illumination, using either the continuous light 
source, with its intensity appropriately modulated, or the time-varying light 

25 source. 

Optical system 90 includes a continuous light source 100 and a time- 
modulated light source 102. Optical system 90 includes light source slots 103a- 
d for four light sources, although other numbers of light source slots and light 
sources also could be provided. Light source slots 103a-d function as housings 
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that may surround at least a portion of each light source to provide at least 
partial protection from radiation or explosion. The direction of light 
transmission through the incident light-based optical system is indicated by 
arrows. 

5 Continuous source 100 provides light for absorbance, 

photoluminescence, and scattering assays, among others. Continuous light 
source 100 may include arc lamps, incandescent lamps, fluorescent lamps, 
electroluminescent devices, lasers, laser diodes, and LEDs, among others. 
Optical system 90 may include a modulator mechanism configured to vary the 

10 intensity of light incident on the composition without varying the intensity of 
light produced by the light source. 

A preferred continuous source is a high-intensity, high color temperature 
xenon arc lamp, such as a Model LX175F CERMAX xenon lamp from ILC 
Technology, Inc. Color temperature is the absolute temperature in Kelvin at 

15 which a blackbody radiator must be operated to have a chromaticity equal to 
that of the light source. A high color temperature lamp produces more light 
than a low color temperature lamp, and it may have a maximum output shifted 
toward or into visible wavelengths and ultraviolet wavelengths where many 
luminophores absorb. The preferred continuous source has a color temperature 

20 of 5600 Kelvin, greatly exceeding the color temperature of about 3000 Kelvin 
for a tungsten filament source. The preferred source provides more light per 
unit time than flash sources, averaged over the duty cycle of the flash source, 
increasing sensitivity and reducing read times. 

Another preferred continuous light source is a NICHIA-brand bright- 

25 blue LED (Model Number NSPB500; Mountville, PA), which may be used 
with analytes absorbing blue light. 

Time-modulated source 102 provides light for time-resolved absorbance 
and/or photoluminescence assays, such as photoluminescence lifetime and 
time-resolved photoluminescence polarization assays. A preferred time- 
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modulated source is a xenon flash lamp, such as a Model FX-1 160 xenon flash 
lamp from EG&G Electro-Optics. The preferred source produces a "flash" of 
light for a brief interval before signal detection and is especially well suited for 
time-domain measurements. Other time-modulated sources include pulsed 

5 lasers, electronically modulated lasers and LEDs, and continuous lamps and 
other sources whose intensity can be modulated extrinsically using a suitable 
optical modulator. Intrinsically modulated continuous light sources are 
especially well suited for frequency-domain measurements in that they are 
generally easier to operate and more reliable. 

10 If the light source must be extrinsically modulated, an optical modulator 

may be used. The optical modulator generally includes any device configured 
to modulate incident light. The optical modulator may be acousto-optical, 
electro-optical, or mechanical, among others. Suitable modulators include 
acousto-optical modulators, Pockels cells, Kerr cells, liquid crystal devices 

15 (LCDs), chopper wheels, tuning fork choppers, and rotating mirrors, among 
others. Mechanical modulators may be termed "choppers," and include chopper 
wheels, tuning fork choppers, and rotating mirrors, among others, as described 
in PCT Patent Application No. PCT/US99/ 16287, which is incorporated herein 
by reference. 

20 In optical system 90, continuous source 100 and time-modulated source 

102 produce multichromatic, unpolarized, and incoherent light. Continuous 
source 100 produces substantially continuous illumination, whereas time- 
modulated source 102 produces time-modulated illumination. Light from these 
light sources may be delivered to the sample without modification, or it may be 

25 filtered to alter its intensity, spectrum, polarization, or other properties. 

Light produced by the light sources follows an excitation optical path to 
an examination site or measurement region. Such light may pass through one or 
more "spectral filters," which generally comprise any mechanism for altering 
the spectrum of light that is delivered to the sample. Spectrum refers to the 
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wavelength composition of light A spectral filter may be used to convert white 
or multichromatic light, which includes light of many colors, into red, blue, 
green, or other substantially monochromatic light, which includes light of one 
or only a few colors. For example, a spectral filter may be used to block the red 
edge of the broad-spectrum light produced by the blue LED described above. 
In optical system 90, spectrum is altered by an excitation interference filter 
104, which preferentially transmits light of preselected wavelengths and 
preferentially absorbs light of other wavelengths. For convenience, excitation 
interference filters 104 may be housed in an excitation filter wheel 106, which 
allows the spectrum of excitation light to be changed by rotating a preselected 
filter into the optical path. Spectral filters also may separate light spatially by 
wavelength. Examples include gratings, monochromators, and prisms. 

Spectral filters are not required for monochromatic ("single color") light 
sources, such as certain lasers and laser diodes, which output light of only a 
single wavelength. Therefore, excitation filter wheel 106 may be mounted in 
the optical path of some light source slots 103a,b, but not other light source 
slots 103c,d. Alternatively, the filter wheel may include a blank station that 
does not affect light passage. 

Light next passes through an excitation optical shutde (or switch) 108, 
which positions an excitation fiber optic cable 110a,b in front of the 
appropriate light source to deliver light to top or bottom optics heads 1 12a,b, 
respectively. Light is transmitted through a fiber optic cable much like water is 
transmitted through a garden hose. Fiber optic cables can be used easily to turn 
light around corners and to route light around opaque components of the 
apparatus. Moreover, fiber optic cables give the light a more uniform intensity 
profile. A preferred fiber optic cable is a fused silicon bundle, which has low 
autoluminescence. Despite these advantages, light also can be delivered to the 
optics heads using other mechanisms, such as mirrors. 
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Light arriving at the optics head may pass through one or more 
excitation "polarization filters," which generally comprise any mechanism for 
altering the polarization of light Excitation polarization filters may be included 
with the top and/or bottom optics head. In optical system 90, polarization is 
5 altered by excitation polarizers 1 14, which are included only with top optics 
head 112a for top reading; however, such polarizers also can be included with 
bottom optics head 112b for bottom reading. Excitation polarization filters 114 
may include an s-polarizer S that passes only s-polarized light, a p-polarizer P 
that passes only p-polarized light, and a blank O that passes substantially all 

10 light, where polarizations are measured relative to the beamsplitter. Excitation 
polarizers 114 also may include a standard or ferro-electric liquid crystal 
display (LCD) polarization switching system. Such a system may be faster than 
a mechanical switcher. Excitation polarizers 1 14 also may include a continuous 
mode LCD polarization rotator with synchronous detection to increase the 

15 signal-to-noise ratio in polarization assays. Excitation polarizers 114 may be 
incorporated as an inherent component in some light sources, such as certain 
lasers, that intrinsically produce polarized light. 

Light at one or both optics heads also may pass through an excitation 
"confocal optics element," which generally comprises any mechanism for 

20 focusing light into a "sensed volume." In optical system 90, the confocal optics 
element includes a set of lenses 1 17a-c and an excitation aperture 1 16 placed in 
an image plane conjugate to the sensed volume, as shown in Figure 11. 
Aperture 1 16 may be implemented directly, as an aperture, or indirectly, as the 
end of a fiber optic cable. Preferred apertures have diameters of 1 mm and 1.5 

25 mm. Lenses 117a,b project an image of aperture 116 onto the sample, so that 
only a preselected or sensed volume of the sample is illuminated. The area of 
illumination will have a diameter corresponding to the diameter of the 
excitation aperture. 
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Light traveling through the optics heads is reflected and transmitted 
through a beamsplitter 1 18, which delivers reflected light to a composition 120 
and transmitted light to a light monitor 122. Reflected and transmitted light 
both pass through lens 117b, which is operatively positioned between 
S beamsplitter 118 and composition 120. 

Beamsplitter 118 is used to direct excitation or incident light toward the 
sample and light monitor, and to direct light leaving the sample toward the 
detector. The beamsplitter is changeable, so that it may be optimized for 
different assay modes or compositions. In some embodiments, switching 

10 between beamsplitters may be performed manually, whereas in other 
embodiments, such switching may be performed automatically. Automatic 
switching may be performed based on direct operator command, or based on an 
analysis of the sample by the instrument. If a large number or variety of 
photoactive molecules are to be studied, the beamsplitter must be able to 

15 accommodate light of many wavelengths; in this case, a "50:50" beamsplitter 
that reflects half and transmits half of the incident light independent of 
wavelength is optimal. Such a beamsplitter can be used with many types of 
molecules, while still delivering considerable excitation light onto the 
composition, and while still transmitting considerable light leaving the sample 

20 to the detector. If one or a few related photoactive molecules are to be studied, 
the beamsplitter needs only to be able to accommodate light at a limited 
number of wavelengths; in this case, a "dichroic" or "multichroic" beamsplitter 
is optimal. Such a beamsplitter can be designed with cutoff wavelengths for the 
appropriate sets of molecules and will reflect most or substantially all of the 

25 excitation and background light, while transmitting most or substantially all of 
the emission light in the case of luminescence. This is possible because the 
beamsplitter may have a reflectivity and transmissivity that varies with 
wavelength. 
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Light monitor 122 is used to correct for fluctuations in the intensity of 
light provided by the light sources. Such corrections may be performed by 
reporting detected intensities as a ratio over corresponding times of the 
luminescence intensity measured by the detector to the excitation light intensity 

5 measured by the light monitor. The light monitor also can be programmed to 
alert the user if the light source fails. A preferred light monitor is a silicon 
photodiode with a quartz window for low autoluminescence. 

The sample (or composition) may be held in a sample holder supported 
by a stage 123. The composition can include compounds, mixtures, surfaces, 

10 solutions, emulsions, suspensions, cell cultures, fermentation cultures, cells, 
tissues, secretions, and/or derivatives and/or extracts thereof. Analysis of the 
composition may involve measuring the presence, concentration, or physical 
properties (including interactions) of a photoactive analyte in such a 
composition. Composition may refer to the contents of a single microplate 

15 well, or several microplate wells, depending on the assay. In some 
embodiments, such as a portable apparatus, the stage may be extrinsic to the 
instrument. 

The sample holder can include microplates, biochips, or any array of 
samples in a known format. In optical system 90, the preferred sample holder is 

20 a microplate 124, which includes a plurality of microplate wells 126 for 
holding compositions. Microplates are typically substantially rectangular 
holders that include a plurality of sample wells for holding a corresponding 
plurality of samples. These sample wells are normally cylindrical in shape 
although rectangular or other shaped wells are sometimes used. The sample 

25 wells are typically disposed in regular arrays. The "standard" microplate 
includes 96 cylindrical sample wells disposed in a 8x12 rectangular array on 9 

millimeter centers. 

The sensed volume typically has an hourglass shape, with a cone angle 
of about 15-35 degrees and a minimum diameter of about 0.1-2.0 mm A 
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preferred cone angle is about 25 degrees. For 96-well and 384-well 
microplates, a preferred minimum diameter is about 1.5 mm. For 1536-well 
microplates, a preferred minimum diameter is about 1.0 mm. The size and 
shape of the sample holder may be matched to the size and shape of the sensed 
5 volume, as described in PCT Patent Application Serial No. PCT/US99/08410, 
which is incorporated herein by reference. 

The position of the sensed volume can be moved precisely within the 
composition to optimize the signal-to-noise and signal-to-background ratios. 
For example, the sensed volume may be moved away from walls in the sample 
10 holder to optimize signal-to-noise and signal-to-background ratios, reducing 
spurious signals that might arise from luminophores bound to the walls and 
thereby immobilized. In optical system 90, position in the X,Y-pIane 
perpendicular to the optical path is controlled by moving the stage supporting 
the composition, whereas position along the Z-axis parallel to the optical path 
15 is controlled by moving the optics heads using a Z-axis adjustment mechanism 
130, as shown in Figures 9 and 10. However, any mechanism for bringing the 
sensed volume into register or alignment with the appropriate portion of the 
composition also may be employed. 

The combination of top and bottom optics permits assays to combine: 
20 (l)top illumination and top detection, or (2) top illumination and bottom 
detection, or (3) bottom illumination and top detection, or (4) bottom 
illumination and bottom detection. Same-side illumination and detection, (I) 
and (4), is referred to as "epi" and is preferred for photoluminescence and 
scattering assays. Opposite-side illumination and detection, (2) and (3), is 
25 referred to as "trans" and has been used in the past for absorbance assays. In 
optical system 90, epi modes are supported, so the excitation and emission light 
travel the same path in the optics head, albeit in opposite or anti-parallel 
directions. However, trans modes also can be used with additional sensors, as 
described below. In optical system 90, top and bottom optics heads move 
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together and share a common focal plane. However, in other embodiments, top 
and bottom optics heads may move independently, so that each can focus 
independently on the same or different sample planes. 

Generally, top optics can be used with any sample holder having an 

5 open top, whereas bottom optics can be used only with sample holders having 
optically transparent bottoms, such as glass or thin plastic bottoms. Clear 
bottom sample holders are particularly suited for measurements involving 
analytes that accumulate on the bottom of the holder. 

Light is transmitted by the composition in multiple directions. A portion 

10 of the transmitted light will follow an emission pathway to a detector. 
Transmitted light passes through lens 117c and may pass through an emission 
aperture 131 and/or an emission polarizer 132. In optical system 90, the 
emission aperture is placed in an image plane conjugate to the sensed volume 
and transmits light substantially exclusively from this sensed volume. In optical 

15 system 90, the emission apertures in the top and bottom optical systems are the 
same size as the associated excitation apertures, although other sizes also may 
be used. The emission polarizers are included only with top optics head 112a. 
The emission aperture and emission polarizer are substantially similar to their 
excitation counterparts. Emission polarizer 132 may be included in detectors 

20 that intrinsically detect the polarization of light. 

Excitation polarizers 114 and emission polarizers 132 may be used 
together in nonpolarization assays to reject certain background signals. 
Luminescence from the sample holder and from luminescent molecules 
adhered to the sample holder is expected to be polarized, because the rotational 

25 mobility of these molecules should be hindered. Such polarized background 
signals can be eliminated by "crossing" the excitation and emission polarizers, 
that is, setting the angle between their transmission axes at 90°. As described 
above, such polarized background signals also can be reduced by moving the 
sensed volume away from walls of the sample holder. To increase signal level, 
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beamsplitter 118 should be optimized for reflection of one polarization and 
transmission of the other polarization. This method will work best where the 
luminescent molecules of interest emit relatively unpolarized light, as will be 
true for small luminescent molecules in solution. 

Transmitted light next passes through an emission fiber optic cable 
134a,b to an emission optical shuttle (or switch) 136. This shuttle positions the 
appropriate emission fiber optic cable in front of the appropriate detector. In 
optical system 90, these components are substantially similar to their excitation 
counterparts, although other mechanisms also could be employed. 

Light exiting the fiber optic cable next may pass through one or more 
emission "intensity filters," which generally comprise any mechanism for 
reducing the intensity of light. Intensity refers to the amount of light per unit 
area per unit time. In optical system 90, intensity is altered by emission neutral 
density filters 138, which absorb light substantially independent of its 
wavelength, dissipating the absorbed energy as heat. Emission neutral density 
filters 138 may include a high-density filter H that absorbs most incident light, 
a medium-density filter M that absorbs somewhat less incident light, and a 
blank O that absorbs substantially no incident light. These filters may be 
changed manually, or they may be changed automatically, for example, by 
using a filter wheel. Intensity filters also may divert a portion of the light away 
from the sample without absorption. Examples include beam splitters, which 
transmit some light along one path and reflect other light along another path, 
and diffractive beam splitters (e.g., acousto-optic modulators), which deflect 
light along different paths through diffraction. Examples also include hot 
mirrors or windows that transmit light of some wavelengths and absorb light of 
other wavelengths. 

Light next may pass through an emission interference filter 140, which 
may be housed in an emission filter wheel 142. In optical system 90, these 
components are substantially similar to their excitation counterparts, although 
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stray excitation light, which may enter the emission path through various 
mechanisms, including reflection and scattering. If unblocked, such stray 
excitation light could be detected and misidentified as photoluminescence, 
5 decreasing the signal-to-background ratio. Emission interference filters can 
separate photoluminescence from excitation light because photoluminescence 
has longer wavelengths than the associated excitation light. Luminescence 
typically has wavelengths between 200 and 2000 nanometers. 

The relative positions of the spectral, intensity, polarization, and other 

10 filters presented in this description may be varied without departing from the 
spirit of the invention. For example, filters used here in only one optical path, 
such as intensity filters, also may be used in other optical paths. In addition, 
filters used here in only top or bottom optics, such as polarization filters, may 
also be used in the other of top or bottom optics or in both top and bottom 

15 optics. The optimal positions and combinations of filters for a particular 
experiment will depend on the assay mode and the composition, among other 
factors. 

Light last passes to a detector, which is used in absorbance, 
photoluminescence, and scattering assays. In optical system 90, there is one 

20 detector 144, which detects light from all modes. A preferred detector is a 
photomultiplier tube (PMT). Optical system 90 includes detector slots 145a-d 
for four detectors, although other numbers of detector slots and detectors also 
could be provided. 

More generally, detectors comprise any mechanism capable of 

25 converting energy from detected light into signals that may be processed by the 
apparatus, and by the processor in particular. Suitable detectors include 
photomultiplier tubes, photodiodes, avalanche photodiodes, charge-coupled 
devices (CCDs), and intensified CCDs, among others. Depending on the 
detector, light source, and assay mode, such detectors may be used in a variety 
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of detection modes. These detection modes include (1) discrete (e.g., photon- 
counting) modes, (2) analog (e.g., current-integration) modes, and/or (3) 
imaging modes, among others, as described in PCT Patent Application Serial 
No. PCT/US99/03678, which is incorporated herein by reference. 

D. Housing 

Figure 12 shows a housing 200 and other accessories for use in the 
apparatus of Figure 2. Housing 200 substantially encloses the apparatus, 
forming (together with light source slots 103a-d) two protective layers around 
the continuous high color temperature xenon arc lamp. Housing 200 permits 
automated sample loading and switching among light sources and detectors. 

E. Applications to High-Throughput Screening 

High-throughput screening (HTS) is used to search large libraries of 
compounds for compounds that will interact effectively with a target These 
few compounds may then be used as leads for further analysis on the road to 
drug discovery. Recently, the number of library compounds and targets for 
screening has increased dramatically. In particular, the number of library 
compounds is now in the hundreds of thousands. This increase in number and 
the concomitant need to improve screening throughput have led to a need for 
industrial-strength analytical methods with a low cost per assay. 

HTS assays should satisfy three primary criteria. First, HTS 
measurements should be rapid. To screen libraries containing hundreds of 
thousands of compounds, the measurement time per sample should be small 
(less than 100 milliseconds), and the number of replicates, controls, and 
background samples should be a minimum. 

Second, HTS measurements should be inexpensive, because the cost of 
each assay must be multiplied by the typically significant number of such 
assays that must be performed. To reduce reagent costs, required amounts of 
library compounds should be kept to a minimum. Thus, HTS apparatus and 
methods should be capable of detecting low concentrations of compound. For 
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example, in HTS binding assays, a low label concentration is about 0.5 
nanomolar, which is primarily determined by binding affinity. 

Third, HTS measurements should be precise (low error), accurate (small 
deviations from correct values), and robust (insensitive to common 
5 interferences). Robustness is particularly important, especially as assay volume 
is reduced, because interferences can cause a high false hit rate. Typical hit 
rates for well-designed assays may be less than about 1% of the compounds 
tested, whereas false hit rates may be several percent. All hits (true or false) 
must be sent on to secondary screening to determine which are actual leads. 

10 The apparatus and methods provided by the invention may satisfy some 

or all of these HTS criteria. For example, photon-counting frequency-domain 
measurements can be used at low light levels due to their enhanced sensitivity, 
which may reduce reagent requirements. Moreover, photon-counting 
frequency-domain measurements can be relatively insensitive to dark noise, 

IS background luminescence, scattering, absorption, and/or quenching, which may 
improve precision, accuracy, and robustness. 

The apparatus and methods provided by the invention can be used with 
apparatus, methods, and compositions described in the above-identified patent 
applications, which are incorporated herein by reference. For example, the 

20 apparatus and methods can be used with high-sensitivity luminescence 
apparatus and methods, including those described in U.S. Patent Application 
Serial No, 09/062,472, filed April 17, 1998, U.S. Patent Application Serial No. 
09/160,533, filed September 24, 1998, PCT Patent Application Serial No. 
PCT/US98/23095, filed October 30, 1998, and PCT Patent Application Serial 

25 No. PCT/US99/01656, filed January 25, 1999. The apparatus and methods also 
can be used with sample holders designed for performance with the above- 
identified high-sensitivity luminescence apparatus and methods, including 
those described in PCT Patent Application Serial No. PCT/US99/08410, filed 
April 16, 1999. These sample holders may reduce the required amount of 
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reagent (or library compound) per assay by using a smaller volume. A well in a 
typical 96-well HTS plate can hold 300 microliters, with typical assay volumes 
lying between 100 and 200 microliters. In contrast, a well in a 1536-well high- 
density HTS plate can hold up to 10 microliters, with low-volume assays using 
5 5 microliters or less. Consequently, apparatus and methods that permit 
screening with low-volume samples may lead to 95% or greater reductions in 
reagent cost. 

F. Miscellaneous Comments 

The apparatus and methods provided by the invention may have several 

10 advantages over standard frequency-domain methods, reflecting in part (1) 
photon-counting detection, (2) enhanced detection duty cycle, and/or (3) 
intrinsic measurement of phase and modulation. 

Photon counting is the digital tabulation of the number of detected 
photons, in contrast to the analog integration of a current resulting from the 

15 detection of photons. Photon counting may reduce dark noise by counting 
higher-level pulses corresponding to individual photons but ignoring lower- 
level signals corresponding to dark current that would otherwise contribute to 
an integrated analog signal. The use of photon counting in the invention may 
improve sensitivity by a factor of two or more, relative to standard (i.e., analog) 

20 frequency-domain methods. 

Detection duty cycle is the fraction of time that the detector can process 
a photon. A high detection duty cycle may improve speed and resolution, 
because the detector will be available to detect a higher fraction of the 
transmitted light. The use of ungated (i.e., always on) detection in the invention 

25 increases the detection duty cycle to about 100%, in contrast to the use of gated 
detection in the standard heterodyne method, which reduces the detection duty 
cycle to less than about 50%. 

The intrinsic measurement of phase and modulation provides a more 
robust signal than provided by standard frequency-domain methods, which rely 
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on intermediate measurements of intensities. Such intrinsic measurement may 
be accomplished using a direct single-frequency lock-in. A single frequency 
may be used for both excitation and detection. The use of a single oscillator is a 
significant practical improvement, because it is easier to implement than the 

5 two phase-locked frequency sources required for heterodyne fluorometiy. The 
CLIP method measures phase and modulation without heterodyning or 
traditional homodyning. Moreover, the outputs may be digital and therefore not 
subject to the DC noise and drift that can accompany homodyne fluorometiy. 
The apparatus and methods provided by the invention also may share the 

10 advantages of standard frequency-domain methods over time-domain methods, 
reflecting in part enhanced excitation duty cycle. The excitation duty cycle is 
the fraction of time that the system is illuminated. The use of sinusoidal 
excitation as described here increases the excitation duty cycle to about 50%, in 
contrast to the pulse excitation in time-domain methods that reduces the 

1 5 excitation duty cycle to less than about 0. 1%. 

The apparatus and methods provided by the invention also have one 
primary disadvantage: a limited maximum flux rate. The maximum flux rate is 
the maximum number of photons that can be detected per unit time. The 
maximum flux rate is determined by the electronic pulse-pair resolution (PPR) 

20 and the probability of receiving a second photon within the detector dead time. 
The PPR is the minimum time between impinging photons required for the 
signal from the photons to be just resolvable by the apparatus as arising from 
two photons. The detector dead time is a period after detection of a photon 
during which the detector cannot detect a second photon. The maximum flux 

25 rate provided by the invention appears to be at least about 10 million counts per 
second, in contrast to about 100 thousand counts per second for time-domain 
techniques. This 100-fold improvement may reflect a decreased PPR and a 
decreased sensitivity to lost photons. The PPR is reduced to less than about 10 
nanoseconds, in contrast to greater than about 100 nanoseconds for the best 
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time-domain apparatus. In addition, the CLIP technique is less sensitive to lost 
photons because they do not appear to change the measured distribution. Figure 
13 shows a possible explanation for this increased sensitivity. In the time 
domain (Panel A), photons lost in the dead time will always have a greater 
5 delay than the measured photon. The lost photons therefore skew the lifetime 
measurement to shorter values. To avoid this error, the maximum (average) 
flux rate should be less than one one-hundredth of the peak flux rate (the 
inverse of the PPR), or about 100 thousand counts per second. In contrast, in 
the frequency-domain technique provided by the invention (Panel B), photons 

10 with long delays that are preferentially lost can correspond to a phase delay 
shorter or longer than the first photon. For example, a lost long-delay photon 
could have arrived in the next period with a lesser phase delay. 

The CLIP apparatus and method may be distinguished from 
synchronous photon counting (or the digital lock-in technique), which is 

15 typified by the Stanford Research Systems SR400 dual channel gated photon 
counter. Synchronous photon counting is used to subtract dark counts 
automatically from a photon-counted signal. In particular, the luminescent 
system is excited with a pulse of light at a low repetition rate (typically from an 
optical chopper). The photon counter sums all counts that arrive while the 

20 system is illuminated and subtracts all counts while it is not. If the duration of 
summation is equal to the duration of subtraction, the dark counts of the 
photodetector will be properly subtracted from the emission signal. The output 
is the dark-subtracted intensity of the luminescent system. The synchronous 
photon counting technique is not used to measure luminescence lifetime, even 

25 for extremely long lifetimes. Apparatus for synchronous photon counting 
systems could be converted in a limited way to CLIP only by adding key CLIP 
components. 

Although the invention has been disclosed in its preferred forms, the 
specific embodiments thereof as disclosed and illustrated herein are not to be 
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considered in a limiting sense, because numerous variations are possible. 
Applicants regard the subject matter of their invention to include all novel and 
nonobvious combinations and subcombinations of the various elements, 
features, functions, and/or properties disclosed herein. No single feature, 

5 function, element or property of the disclosed embodiments is essential. The 
following claims define certain combinations and subcombinations of features, 
functions, elements, and/or properties that are regarded as novel and 
nonobvious. Other combinations and subcombinations may be claimed through 
amendment of the present claims or presentation of new claims in this or a 

10 related application. Such claims, whether they are broader, narrower, equal, or 
different in scope to the original claims, also are regarded as included within 
the subject matter of applicants' invention. 
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CLAIMS: 

1. A method for measuring a temporal property of a luminescent 
sample, the method comprising: 

5 illuminating the sample with intensity-modulated incident light, where 

the modulation is characterized by a characteristic time; 

detecting luminescence emitted from the sample in response to the 
illumination with incident light; 

counting the number of photons in the detected luminescence during a 
1 0 preselected portion of the characteristic time; 

computing a frequency-domain quantity based on the number of counted 
photons; and 

determining the temporal property based on the frequency-domain 
quantity. 

15 

2. The method of claim 1, where the temporal property is a 
luminescence lifetime or a reorientational correlation time. 

3. The method of claim 1, where the intensity of the incident light is 
20 modulated periodically with time, and where the characteristic time is the 

period of the modulation. 

4. The method of claim 3, where the incident light is modulated 
sinusoidally. 

25 

5. The method of claim 3, where the period is less than about 10 
milliseconds. 
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6. The method of claim 1, where the detected luminescence is 
detected substantially exclusively from a sensed volume of the sample* 

7. The method of claim 1, where the detected luminescence is 
5 detected throughout the characteristic time. 

8. The method of claim 1, where the steps of illuminating and 
detecting are performed simultaneously. 

10 9. The method of claim 1, where the preselected portion is at least 

one-eighth of the characteristic time. 

10. The method of claim 1, the preselected portion being a first 
preselected portion, further comprising: 
15 counting the number of photons in the detected luminescence during a 

second preselected portion of the characteristic time, where the first and second 
portions correspond to at least partially different portions of the characteristic 
time. 

20 11. The method of claim 10, where the first and second portions 

overlap. 

12. The method of claim 10, where the first and second portions do 
not overlap. 

25 

13. The method of claim 1, further comprising: 

counting the number of photons in the detected luminescence during 
additional preselected portions of the characteristic time, where the total 
number of portions is an integer power of two. 
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14. The method of claim 1, where the step of counting the number of 
photons includes the steps of converting the detected luminescence to a signal, 
and discriminating photons from noise based on their relative contributions to 
the signal. 

5 

15. The method of claim 1, where the frequency-domain quantity is a 
phase shift and/or a demodulation of the detected luminescence relative to the 
incident light. 

10 16. The method of claim 1, where the step of determining the 

temporal property includes the step of correcting for intensity variations in the 
light source. 

17. The method of claim 1, where the step of determining the 
15 temporal property includes the step of correcting for instrumental factors. 

18. The method of claim 1, further comprising: 

repeating the steps of illuminating, detecting, and counting with the 
same sample before determining the temporal property, where the number of 
20 counted photons used to compute the frequency-domain quantity is the sum of 
the number of photons counted in each repetition of illuminating and detecting. 

19. The method of claim 1, further comprising: 

automatically repeating the steps of illuminating, detecting, counting, 
25 and determining the temporal property with a series of samples. 
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20. An apparatus for measuring a temporal property of a luminescent 
sample, the apparatus comprising: 

a light source for producing intensity-modulated excitation light, 
an excitation optical relay structure that directs the intensity-modulated 
5 excitation light toward the sample, so that the sample may be induced to emit 
intensity-modulated emission light; 
a detector for detecting light; 

an emission optical relay structure that directs light from the sample 
toward the detector, so that intensity-modulated emission light from the sample 
1 0 may be detected; and 

a discrete analyzer operatively connected to the detector, where the 
analyzer includes a counter that determines the number of photons in the 
detected emission light, and where the analyzer determines the temporal 
property based on a frequency-domain quantity computed from the number of 
15 photons. 

21. The apparatus of claim 20, where the temporal property is a 
luminescence lifetime or a reorientational correlation time. 

20 22. The apparatus of claim 20, where the excitation light is 

modulated sinusoidally. 

23. The apparatus of claim 20, where the frequency-domain quantity 
is a phase shift and/or a demodulation of the detected luminescence relative to 

25 the incident light. 

24. The apparatus of claim 20, where the discrete analyzer is 
configured to correct for at least one of the following: intensity variations in the 
light source, and instrumental factors. 
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25. The apparatus of claim 20, where the emission optical relay 
structure is capable of transmitting light substantially exclusively from a sensed 
volume of the sample. 

5 26. A method for measuring a temporal property of a luminescent 

sample, the method comprising: 

illuminating the sample with intensity-modulated incident light capable 
of exciting luminescence in the sample, where the modulation of the intensity- 
modulated light is characterized by a characteristic time; 
10 measuring luminescence emitted from the sample during first and 

second preselected portions of the characteristic time, where the first and 
second portions overlap; and 

determining the temporal property based on the measured luminescence 
during the first and second portions. 

15 

27. The method of claim 26, where the temporal property is a 
luminescence lifetime or a reorientational correlation time. 

28. The method of claim 26, where the step of measuring 
20 luminescence includes the step of counting the number of photons in the 

detected luminescence. 

29. The method of claim 26, where the step of measuring 
luminescence includes the step of performing an analog integration of a signal 

25 proportional to the number of photons in the detected luminescence. 
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30. The method of claim 26, where the step of determining the 
temporal property includes the step of computing a frequency-domain quantity. 

31. The method of claim 30, where the frequency-domain quantity is 
a phase shift and/or a demodulation of the detected luminescence relative to the 
incident light 

32. The method of claim 26, further comprising: 

measuring luminescence emitted from the sample during additional 
preselected portions of the characteristic time, where the total number of 
portions is an integer power of two. 

33. An apparatus for measuring a temporal property of a luminescent 
sample, the apparatus comprising: 

a light source for producing intensity-modulated excitation light; 

an excitation optical relay structure that directs the intensity-modulated 
excitation light toward the sample, so that the sample may be induced to emit 
intensity-modulated emission light; 

a detector for detecting light; 

an emission optical relay structure that directs light from the sample 
toward the detector, so that intensity-modulated emission light from the sample 
may be detected; and 

a discrete analyzer operatively connected to the detector, where the 
analyzer is configured to measure light emitted from the sample during 
overlapping intervals and to determine the temporal property based on the 
measured light. 

34. The apparatus of claim 33, where the temporal property is a 
luminescence lifetime or a reorientational correlation time. 
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35. The apparatus of claim 33, where the discrete analyzer is 
configured to determine the temporal property based on a frequency-domain 
quantity computed using the measured light 



36. The apparatus of claim 33, where the frequency-domain quantity 
is a phase shift and/or a demodulation of the detected luminescence relative to 
the incident light 
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